To assess clinical value of fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography (PET/CT) for differentiation of malignant from benign focal thyroid incidentaloma. Materials and Methods: This retrospective study included 99 patients with focal thyroid incidentaloma of 5216 non-thyroid cancer patients that had undergone PET/CT. PET/CT semi-quantitative parameters, volume-based functional parameters, metabolic tumor volume (MTV), and total lesion glycolysis (TLG) of thyroid incidentaloma were assessed. Receiver-operating characteristic (ROC) analysis was conducted and areas under the curve (AUC) were compared by Hanley and McNeil test to evaluate usefulness of maximum standardized uptake value (SUVmax), MTV and TLG, as markers for differentiating malignant from benign thyroid incidentalomas. Results: Of 99 thyroid incidentalomas, 64 (64.6%) were malignant and 35 (35.4%) were benign. Malignant thyroid incidentalomas were larger (1.8 cm vs. 1.3 cm, p = 0.006), and had higher SUVmax (11.3 vs. 4.8, p < 0.001), MTV (all p < 0.001) and TLG (all p < 0.001) than benign. TLG 4.0 had the highest performance for differentiation of malignant from benign thyroid incidentaloma in all semi-quantitative parameters with AUC 0.895 by ROC curve analysis. AUC (TLG 4.0) was significantly larger than AUC (SUVmean), AUC (MTV 2.5), AUC (MTV 3.0), AUC (MTV 3.5), AUC (TLG 2.5), and AUC (TLG 3.0), respectively (all, p < 0.05). There was no statistical difference between AUC (TLG 4.0) and AUC (SUVmax) (p > 0.05). A threshold TLG 4.0 of 2.475 had 81.3% sensitivity and 94.3% specificity for identifying malignant thyroid incidentalomas. Conclusion: Volume-based PET/CT parameters could potentially have clinical value in differential diagnosis of thyroid incidentaloma along with SUVmax.
INTRODUCTION
Thyroid incidentalomas are defined as newly detected thyroid lesions on an imaging study for non-thyroid disease (1) . As fluorine-18-fluorodeoxyglucose positron emission tomography/computed tomography ( 18 F-FDG-PET/CT) is widely used in diagnosis, tumor staging, and monitoring of treatment responses in various malignancies (2) , incidence of thyroid 18 F-FDG incidentaloma is increasing (3, 4) . Unlike diffuse thyroid uptake on FDG PET/CT considered more often benign (5-7), focal PET/CT is more clinically significant because of its high risk for malignant disease (8) (9) (10) .
Differentiation between malignant and benign thyroid nodules is essential for reducing unnecessary operations and for determining the patient's prognosis. However, it is difficult to distinguish benign from malignant nodules with conventional imaging techniques. Maximum standardized uptake value (SUVmax) cannot reflect actual tumor heterogeneity metabolic activity in the whole tumor, as it reflects one pixel value. Whether SUVmax can differentiate malignant from benign thyroid nodules is a highly debated issue (9, 11, 12) . 18 F-FDG metabolic tumor volume (MTV) and total lesion glycolysis (TLG), combining tumor volume and metabolic activity of the entire tumor, are semi-quantitative parameters for assessing metabolic activity of tumors determined by 18 F-FDG PET/CT images, that may overcome this potential issue. MTV and TLG could potentially have clinical value in evaluation of tumor biology, treatment response, and prognostication in cancer (13, 14) . Recently, SUVmax and MTV are useful for differentiation of malignant from benign thyroid incidentaloma after stratification of serum thyroid stimulating hormone (TSH) levels (15) . However, criteria for these volumetric parameters have not been established. In particular, the question of which is the better parameter to differentiate diagnosis of malignant and benign focal 18 F-FDG incidentaloma is unresolved. Kim and Chang (16) have also examined the clinical value of intratumoral heterogeneity of 18 F-FDG uptake represented as the heterogeneity factor for characterization of thyroid nodule with inconclusive fine-needle aspiration biopsy (FNAB) results. Objectives of this study were to compare semi-quantitative parameters of 
MATERIALS AND METHODS
A total of 5216 individuals either healthy or had known or suspected cancer, attended Shanghai 85 Hospital September 2011-December 2014, enrolled in this study. Thyroid incidentalomas defined as unexpected focal hypermetabolic thyroid lesions identified by 18 F-FDG PET/CT. Thyroid incidentaloma patients with cytologically or histologically diagnosed by ultrasound and FNAB or surgery were included this study. Patients were excluded based on the following: 1) diffusely increased 18 F-FDG uptake throughout the thyroid gland; 2) with known thyroid cancer or a previous history of thyroid surgery; 3) no further evaluation on thyroid lesion due to patients' general condition; 4) follow-up loss; and 5) inconclusive results by ultrasound and FNAB. A total of 99 subjects (29 men and 70 women; mean age, 49.7 ± 13.2; age range, 20−87) with hypermetabolic thyroid incidentalomas on FDG PET/CT were included in this study. We retrospectively reviewed medical records. Patients were cytologically or histologically diagnosed by ultrasound and FNAB or surgery.
F-FDG PET/CT Imaging
Fluorine-18-FDG PET/CT images were obtained using a dedicated PET/CT scanner (Discovery STE; GE Healthcare, Knoxville, TN, USA). Standard patient preparation included a fasting period of at least 6 hours and a serum glucose level lower than 6.5 mmol/L before 18 F-FDG administration. PET/CT imaging was conducted 60 minutes after injection of 18 F-FDG (5 MBq/kg of body weight). CT scanning was conducted in a spiral mode from the skull base to the proximal thigh at 100 mAs and 120 kV, with a section width of 5 mm and collimation of 0.75 mm. CT scanning data were obtained for attenuation correction and image fusion and were followed by a three-dimensional craniocaudal PET emission scan. Whole body imaging was conducted from the base of the skull to the middle thigh with the arms up. Emission scan time per bed position was 3 minutes and six bed positions were acquired. PET data were obtained using a high-resolution whole-body scanner with an axial field of view of 21.6 cm. After scatter and decay correction, PET data were reconstructed iteratively with attenuation correction and reoriented in axial, sagittal, and coronal slices. Average total PET/CT examination time was 20 minutes. kjronline.org attenuation-corrected emission images throughout axial planes in which a suspicious lesion could be delineated. An iso-contour connecting outlines of the volume of interest (VOI) was set using different cutoff values for SUV (i.e., 2.5, 3.0, 3.5, and 4.0). The contour around the target lesion inside the boundaries was automatically produced, equal to or greater than each threshold of SUV of the primary tumor on each axial image of PET/CT. After hypermetabolic tumor foci were segmented, MTV was calculated by summation of voxels of each slice of PET/CT (Fig. 1) .
Total lesion glycolysis was calculated by multiplying selected PET volume by average SUV within that volume: TLG = MTV x (average SUV)
Statistical Analysis
Continuous All p values reported were two-tailed, and a p value of less than 0.05 was statistically significant. All statistical analysis was conducted with SPSS software (version 10.0; SPSS Inc., Chicago, IL, USA).
RESULTS

Patients' Clinical Characteristics
Mean diameter of thyroid incidentaloma was 1.6 ± 0.8 cm (range, 0.5−4.2 cm). In all 99 incidentalomas, a histological reference diagnosis was made by surgical resection (n = 52) or ultrasound and FNAB (n = 47). Of the 99 thyroid incidentalomas, 64 (64.6%) were malignant and 35 (35.4%) were benign (Table 1) . Papillary adenocarcinoma was the main pathological type of malignant thyroid incidentaloma (38/64, 59.4%); and thyroid adenoma was common in benign thyroid incidentaloma (29/35, 82.9%).
Comparisons of patient age, sex, and diameter between malignant and benign thyroid incidentalomas are summarized in Table 2 . There were no statistically significant differences between malignant and benign thyroid incidentalomas for patient age (48.8 ± 14.7 vs. 51.2 ± 9.8, p = 0.370) and sex (20/44 vs. 9/26, p = 0.563). Malignant thyroid incidentalomas were larger than benign lesions (1.8 ± 0.8 cm vs. 1.3 ± 0.5 cm, p = 0.006). Results of ROC curve analysis revealed that a threshold diameter of 1.2 cm had 79.7% sensitivity and 48.6% specificity for identifying malignant thyroid incidentalomas with AUC of 0.667 (95% confidence interval [CI]: 0.556-0.777).
Maximum standardized uptake value of malignant and benign thyroid incidentalomas.
Comparisons of SUVmax of malignant and benign thyroid incidentalomas are summarized in Table 3 . There were statistically significant differences between malignant and benign thyroid incidentalomas for SUVmax (11.3 ± 8.4 vs. 4.8 ± 5.3, p < 0.001). Malignant thyroid incidentalomas (Fig. 2) revealed that a threshold SUVmax of 4.45 had 90.6% sensitivity and 68.6% specificity for identifying malignant thyroid incidentalomas with AUC of 0.866 (95% CI: 0.783-0.950).
MTV of Malignant and Benign Thyroid Incidentalomas
Comparisons of MTV of malignant and benign thyroid incidentalomas are summarized in Table 3 . All four different PET volumes tested (MTV 2.5, MTV 3.0, MTV 3.5, and MTV 4.0) of malignant thyroid incidentalomas were larger than those of benign lesions (all p < 0.001). Results of ROC curve analysis (Fig. 3) 
TLG of Malignant and Benign Thyroid Incidentalomas
Comparisons of TLG of malignant and benign thyroid incidentalomas are summarized in Table 3 . All four different TLGs calculated (TLG 2.5, TLG 3.0, TLG 3.5, and TLG 4.0) of malignant thyroid incidentalomas were larger than those of benign lesions (all p < 0.001). Results of ROC curve analysis (Fig. 4) 
Comparisons of AUCs of the PET/CT Parameters
Areas under the curve of TLG 4.0 was significantly larger than those of diameter, SUVmean, MTV 2.5, MTV 3.0, MTV 3.5, TLG 2.5, and TLG 3.0, respectively (all p < 0.05). But there was no significant statistical difference between AUC of TLG 4.0 and AUC of SUVmax, AUC of MTV 4.0, or AUC of TLG 3.5 (all p > 0.05). 18 
Characteristic of Primary Malignant Thyroid Incidentalomas on
F-FDG PET/CT
Comparisons of semi-quantitative parameters assessed by 18 F-FDG PET/CT characteristic of primary malignant thyroid incidentalomas are summarized in Table 4 . Of the 99 thyroid incidentalomas, 63 (63.6%) were primary malignant thyroid tumor. Of 63 primary malignant thyroid tumors, (8, 9, 11, (17) (18) (19) . According to recent meta-analysis investigating 147505 units, the pooled incidence of thyroid incidentalomas detected by FDG PET/ CT was 2.46%, malignancy ratio was 34.6% (20) . In this study, thyroid incidentalomas on FDG PET/CT were identified with prevalence of 1.9% (99/5216) and the malignancy ratio was 64.6% (64/99). Prevalence of malignant thyroid incidentaloma was higher than reported in previous studies, which has been between 26.7 and 50% (8, 9, 11, (17) (18) (19) (20) . This discordance may be related to excluding patients with diffuse thyroid FDG PET uptake in this study.
This considerably high prevalence of malignancy justifies further work-up, such as ultrasound and ultrasoundguided FNAB. Although FNAB is the most accurate and cost-effective method for evaluating thyroid nodules, accuracy of FNAB depends mainly on skill and experience of the investigator and cytopathologist. It is essential to differentiate malignant from benign thyroid (21, 22) found a significantly higher average value of SUVmax in malignant thyroid lesions, but the authors were unable to establish an optimal SUVmax cutoff value to differentiate benign from malignant lesions, because there was considerable overlap in SUVmax between malignant and benign thyroid 18 F-FDG incidentalomas. This overlap makes it difficult to use SUVmax to differentiate malignant from benign thyroid 18 F-FDG incidentaloma. However, a number of studies revealed no significant difference in SUVmax between benign and malignant nodules (9, 17, 21) . Our study revealed malignant thyroid incidentalomas had higher SUVmax than benign. Results of ROC curve analysis revealed that a threshold SUVmax of 4.45 had 90.6% sensitivity and 68.6% specificity for identifying malignant thyroid incidentalomas.
Metabolic tumor volume and TLG are measurements of metabolic activity of tumors determined by kjronline.org to treatment, and prognostication in various cancers (24) . TLG, calculated by multiplying the SUV mean by the MTV (25) , has been suggested to better reflect global metabolic activity in whole tumors (25) . TLG has potential to become a valuable imaging biomarker in prognostic studies on human solid tumors, adding value to clinical staging, as well as in treatment response assessment and treatment optimization (24) . However, few published studies have adapted these quantitative indexes for differentiating malignant from benign thyroid 18 F-FDG incidentaloma and the conclusion is under debate (15, 16) . In the Kim et al. (15) study, patients with higher serum TSH levels (TSH > 1.31 mIU/mL), malignant thyroid Results from Kim and Chang's study are discordant with our study (16) . This discordance may be related to composition of the study sample. Malignancy ratio was 64.6% (64/99) in our study sample, but only 24.5% (49/200) in Kim and Chang's study sample (16) . Their study also revealed malignant incidental thyroid lesions had higher 18 F-FDG PET/CT parameters including SUVmax, MTV, and TLG than benign, but there was no statistical difference.
This retrospective single center study has limited sample size of thyroid incidentaloma patients. We did not include diffuse thyroid FDG PET uptake because previous reports indicate that the majority represent chronic thyroiditis or diffuse thyroid autonomy and do not need histological diagnosis, except for a small number of conditions (26) . Additional, VOI selection is essential for determining tumor MTV. Several different methods for VOI selection could be used: manually defined VOI, iso-contour VOIs based on a fixed percentage of the SUVmax, and iso-contour VOIs based on a fixed SUVmax threshold. This study used the fixed SUVmax threshold method, that may be subject to issues arising from SUV variability. Therefore, to minimize issues, we used various thresholds of SUVmax for VOI selection.
Conventional quantitative PET parameters only derived from 18 F-FDG PET/CT were not adequate to differentiate benign from malignant thyroid incidentalomas. To overcome this, the Hounsfield unit ratio of thyroid nodules was assessed compared to the contralateral thyroid lobe on noncontrast CT to stratify further risk of malignancy in thyroid incidentalomas detected in 18 F-FDG PET/CT (27) . Dual-timepoint 18 F-FDG PET/CT and retention index were used in differential diagnosis of thyroid incidentaloma (28). Barrio et al. (29) measured SUVmax, thyroid to background thyroid lesion SUVmax/thyroid background SUVmean (TL/TBG), thyroid to blood pool TL/blood pool SUVmean (BP), and thyroid to liver TL/liver SUVmean (L) ratios in benign and malignant lesions to test if intense focal 18 F-FDG thyroid uptake is associated with malignancy. These studies revealed various methods may significantly improve accuracy of PET/ CT for differentiating benign from malignant focal thyroid lesions.
In conclusion, this study has revealed that volume-based PET/CT parameters such as TLG and MTV combining tumor volume and metabolic activity of the entire tumor, could potentially have clinical value in differential diagnosis of thyroid incidentaloma along with SUVmax. Considering that the measurement of volume-based PET parameters required additional time and effort to the measurement of SUVmax, the clinical value of volume-based PET functional parameters in differential diagnosis of thyroid 18 F-FDG incidentaloma should be further determined in future prospective studies with a large sample size, and combined
